Background & Aims: Because short-chain fatty acids (SCFAs) and heat shock proteins (hsps) confer protection to intestinal epithelia cells (IECs), we studied whether SCFAs modulate IEC hsp expression. Methods: Hsp 25, hsp72, and hsc73 protein expression in rat intestinal tissues and IEC-18 cells were determined by Western blot and immunohistochemistry. Cell survival under conditions of oxidant stress (monochloramine) was determined using 51 Cr release in hsp25 cDNA antisense and sense-transfected cells expressing minimal and increased hsp25, respectively. Results: Butyrate induces a time-and concentration-dependent increase in hsp25, but not hsp72 or hsc73, protein expression in rat IEC-18 cells but not 3T3 fibroblasts. Other SCFAs, including the poorly metabolized isobutyate, also induced selective expression of hsp25. Butyrate treatment significantly improved the ability of IEC-18 cells to withstand oxidant (monochloramine) injury. This effect could be blocked in cells in which hsp25 induction by butyrate was blocked by stable hsp25 antisense transfection. Additionally, hsp25-transfected overexpressing IEC-18 cells showed increased resistance to monochloramine. In vivo, increasing dietary fiber increased colonic, but not proximal, ileal hsp25 while having no effect on hsp72 or hsc73 expression. Conclusions: SCFAs, the predominant anions of colonic fluid derived from bacterial flora metabolism of luminal carbohydrates, protect IECs against oxidant injury, an effect mediated in part by cell-specific hsp25 induction.
Background & Aims: Because short-chain fatty acids (SCFAs) and heat shock proteins (hsps) confer protection to intestinal epithelia cells (IECs), we studied whether SCFAs modulate IEC hsp expression. Methods: Hsp 25, hsp72 , and hsc73 protein expression in rat intestinal tissues and IEC-18 cells were determined by Western blot and immunohistochemistry. Cell survival under conditions of oxidant stress (monochloramine) was determined using 51 Cr release in hsp25 cDNA antisense and sense-transfected cells expressing minimal and increased hsp25, respectively. Results: Butyrate induces a time-and concentration-dependent increase in hsp25, but not hsp72 or hsc73, protein expression in rat IEC-18 cells but not 3T3 fibroblasts. Other SCFAs, including the poorly metabolized isobutyate, also induced selective expression of hsp25. Butyrate treatment significantly improved the ability of IEC-18 cells to withstand oxidant (monochloramine) injury. This effect could be blocked in cells in which hsp25 induction by butyrate was blocked by stable hsp25 antisense transfection. Additionally, hsp25-transfected overexpressing IEC-18 cells showed increased resistance to monochloramine. In vivo, increasing dietary fiber increased colonic, but not proximal, ileal hsp25 while having no effect on hsp72 or hsc73 expression. Conclusions: SCFAs, the predominant anions of colonic fluid derived from bacterial flora metabolism of luminal carbohydrates, protect IECs against oxidant injury, an effect mediated in part by cell-specific hsp25 induction. I t is well established that heat shock proteins (hsps) improve cell survival under a variety of stress conditions. 1, 2 The mechanisms underlying their actions appear to be diverse and may involve stabilization of critical cellular components and processes, including cytoskeletal and mitochondrial functions or inhibition of apoptotic pathways. [3] [4] [5] [6] [7] However, there appears to be cell and organ specificity in the regulation of the stress response that may be essential in fulfilling certain physiologic niches. In intestinal epithelial cells (IECs), for instance, a wide variety of agents, including glutamine, 8 dexamethasone, 9 and salicylates, 10 selectively induce or modulate the production of hsp72. Thus, hsp72 has been studied extensively in IECs as well as a large number of cell/ organ systems in which its expression can be induced by a wide variety of stressors, including heat, heavy metals, and oxidants. 3, 7, 11, 12 In contrast, less is known about the physiologic role or regulation of small hsps such as hsp25, particularly in IECs.
Small-chain fatty acids (SCFAs) are potent modulators of growth, function, and differentiation of intestinal epithelia. [13] [14] [15] [16] They arise from bacterial fermentation of undigested or malabsorbed dietary carbohydrates and represent the major luminal anions of colonic fluid. SCFAs have also been reported to have wound healing and cytoprotective effects, 17 albeit through undefined mechanisms. The possibility that these actions might be mediated by the induction of hsp has not been explored previously. Failing to find any effects of SCFAs on the expression of hsp72, a major inducible hsp of IECs, we investigated the possibility that other stress proteins, particularly small-molecular-weight hsps (sHSPs, e.g., mouse or rat hsp25, human hsp27), might be induced by SCFAs. Under physiologic conditions, mammalian sHSPs such as hsp25 are constitutively expressed, but under conditions of stress are rapidly induced. The rat hsp25 has also been called rat hsp27. Because the rat and murine forms of this protein are slightly smaller than the human form, we refer to the rat sHSP protein as hsp25 here. In this study, we report that SCFAs selectively induce hsp25 in a time-and concentration-dependent manner in IECs, both in vitro and in vivo. This effect mediates, at least in part, the SCFA-enhanced cell survival against oxidant-mediated stress.
Materials and Methods

Cell Culture
The rat small intestinal IEC-18 cell line was grown in Dulbecco modified Eagle medium (DMEM; high glucose, 4.5 g/L) containing 5% (vol/vol) fetal bovine serum, 0.1 U/mL insulin, 50 g/mL streptomycin, and 50 U/mL penicillin. IEC-18 cells were used at or near confluence between passages 20 and 30 in Petri dishes or 24-well plates. Cells were fed with complete DMEM in a 37°C, 5% CO 2 incubator for 2 days before the experiment. To determine how cell-specific the responses were to stimulation by SCFAs, nonepithelial murine NIH 3T3 fibroblasts were studied. The 3T3 cells were grown in the IEC medium with insulin omitted.
Time-and Concentration-Dependent Effects of SCFA on HSP25 Expression
Cells were initially treated with various concentrations of butyrate (1-10 mmol/L) in complete DMEM for 12 hours. Subsequently, a time course of expression of hsp25/27 was performed with 5 mmol/L butyrate treatment for 6, 12, 24, and 48 hours. As a control for hsp induction, cells were subjected to heat stress of 42°C for 23 minutes followed by recovery at 37°C for 120 minutes. Cells and proteins were harvested from dishes by scraping in ice-cold phosphate-buffered saline and centrifuged (14,000g for 30 seconds), and the saline was aspirated. The pellet was resuspended in lysis buffer (10 mmol/L Tris, pH 7.4, 5 mmol/L MgCl 2 , 50 U/mL DNAse and RNAse, 1 mmol/L phenylmethyl sulfonylfluoride, and 10 g/mL each of leupeptin, aprotinin, and pepstatin). Samples were placed on ice for 10 minutes, 10 L of each sample was removed to measure protein concentrations, and one-half volume 3ϫ Laemmli stop solution was added to the remainder and heated at 70°C for 10 minutes. Protein concentrations were measured using the bicinchoninic acid procedure.
Ten micrograms of IEC-18 cell protein was run on 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immediately transferred to a polyvinylidene difluoride membrane. Nonspecific binding was blocked using 5% (wt/vol) nonfat dry milk in Tris-buffered saline (TBS; Tris pH 7.35, 150 mmol/L NaCl, 5 mmol/L KCl) with 0.05% (vol/vol) Tween 20. Blots were incubated overnight at 4°C with anti-hsp25 (SPA801, Stressgen, Victoria, British Columbia, Canada), anti-hsp72 (SPA810), or anti-hsc73 (SPA815). Blots were washed, incubated with secondary antibody for 1 hour at room temperature in TBS/Tween, washed again, and developed using an enhanced chemiluminescence system.
Cell Protection Assays
For determination of protection, cell lines were grown to near confluence in 24-well plates and treated for 12 hours at 37°C/5% CO 2 with various concentrations of butyrate (0 mmol/L, 1 mmol/L, 2 mmol/L, 5 mmol/L, and 10 mmol/L). Cells were subsequently labeled with 51 Cr (each well received 250 mL of serum-free medium containing 50 mCi/mL Na 51 Cr) for 60 minutes and washed 4 times, the medium was removed, and serum-free medium with 0.6 mmol/L monochloramine was added and incubated for 1 hour. The medium was collected from each well, and the cell 51 Cr was extracted with 0.1N nitric acid. After 6 -18 hours, the cell extract was harvested and the 51 Cr released into the medium as well as the 51 Cr remaining in the cell was counted. The percentage of cellular 51 Cr released was calculated as the amount found in the medium divided by the total amount.
Stable Transfection of IEC-18 Cell With Sense and Antisense hsp27
The full-length rat hsp27 cDNA (pCDNA3/27S) was a generous gift of Dr. Michael Welch, University of Michigan (Ann Arbor, MI). The antisense expression plasmid (pCEP/ 27AS) was constructed by subcloning the full-length cDNA in the reverse direction into the pCEP4 expression vector, and orientation was verified by DNA sequencing. The vector pCEP4 drives insert expression by the strong cytomegalovirus promoter and also confers resistance to hygromycin. IEC-18 cells were transfected by electroporation. Transfected cells were selected with G418 (500 mg/mL) for pCDNA3/27S (sense transfectants) or hygromycin 250 mg/mL (antisense transfectants). Single clones were isolated, propagated, and maintained in 30 mg/mL of the respective antibiotic. Detection of hsp25 in these transfectants by Western blotting is described above.
Induction of hsp25 by Pectin Diet
To modulate the production of colonic SCFA, rats (250 -275 g) were fed specially designed diets containing no fiber (no-cellulose) or 6% (wt/wt) pectin over a 2-day period. The diets were obtained from Harlan/Teklad 97201 and 97202 (composition in g/kg: casein 200, DL-methionine 3, corn starch 335.686, maltodextrin 130, sucrose 160, soybean oil 70, vitamin mix TD94707, choline bitartrate 2.5, tertbutylhydroquinone [antioxidant] 0.014, mineral mix, Ca-P-deficient TD 79055 13.37, calcium phosphate, dibasic 11.43, and calcium carbonate 4.0 with or without 60 g/kg pectin). There was no difference in daily chow intake between the 2 groups of rats (chow eaten per 3 days: 41.3 Ϯ 2.9 g pectin-free chow vs. 44.7 Ϯ 3.6 g pectin chow, n ϭ 4). Additionally, over the 3-day period of these 2 rat diets, weight gain in both sets of rats was similar (3.5 Ϯ 0.4 and 4.0 Ϯ 0.5 g over 3 days in pectin-free and pectin chows, respectively). To minimize coprophagia, animals were housed in wire-bottom cages. After 3 days, mucosa was harvested from the ileum and the colon and protein lysates were prepared essentially as described for the IEC-18 cells. Ten micrograms of cell protein was analyzed by Western blotting for hsps as previously described. 11 Samples from rats fed standard rat chow (Ziegler NIH-41 18-5 IRR, which contains a maximum of 4% crude fiber) were also analyzed. Because samples were taken at a different time, data on chow consumption and weight gain were not available for this group.
Immunohistochemical Staining for hsp25
Sections of colon or ileum from rats fed varying diets described above were fixed in 10% (vol/vol) neutral buffered formalin for 24 hours. Sections were embedded in paraffin, and 4-m cross-sections were cut. Sections were stained for hsp25 using the Vecastain Elite ABC kit according to the manufacturer's instructions (Vector Labs, Burlingame, CA). Briefly, sections were heated to 65°C for 30 minutes and deparafinized with xylene. Slides were hydrated through 2 washes each with 95%, 85%, 70%, and 50% ethanol in water. To expose the antigenic epitopes, slides were microwaved twice in 100 mmol/L citrate pH 6.4. Next, endogenous peroxidase activity was blocked by incubation with 0.3% (vol/vol) hydrogen peroxide for 5 minutes. Nonspecific binding to the slides was then blocked using normal horse serum, then avidin blocking reagent, and finally the biotin blocking reagent. Slides were incubated overnight at 4°C with the same anti-murine hsp25 antibody used for Western blotting. Slides were washed 5 times with phosphate-buffered saline and then incubated with biotinylated horse anti-mouse immunoglobulin (Ig) G. Slides were washed and incubated with Vector ABC Elite reagent for 30 minutes and washed 5 times. Slides were developed using the diaminobenzidine solution provided for 1 minute then washed in phosphate-buffered saline. All slides were counterstained with hematoxylin and mounted using DPX (Distyrene Plasticizer plus Xylene) mounting agent (Electron Microscopy Services, Ft. Washington, PA). An inverted Leica DMIRB (Bannockburn, IL) microscope, a Macintosh G4 computer (Cupertino, CA), and Pixera software (Los Gatos, CA) were used to image slides.
Results
Butyrate Induces hsp25/27 Expression in IEC-18 Cells
One of the major SCFAs of colonic fluid, butyrate, stimulated the production of hsp25, but not the production of the constitutively expressed chaperone protein hsp73 (also named hsc73, heat shock cognate) or the inducible stress protein hsp72 in rat small intestinal epithelial IEC-18 cells (Figure 1) .
Detection of hsp25 occurred as early as 6 hours after butyrate treatment and was maximal between 12 and 24 hours. The SCFA effect differs substantially from the effect after thermal stress; it is highly selective, induces a specific hsp isoform, and is substantially delayed. A concentration dependence could also be demonstrated, whereas hsp25 induction was observed at concentrations as low as 1 mmol/L, and the effect was maximal around 5 mmol/L (Figure 2) . These concentrations are well within the physiologic range, where SCFA content of colonic lumenal fluid is estimated to be greater than 100 mmol/L. Because butyrate is only one of several SCFAs produced by colonic bacteria, we examined the effects of proprionate, as well as those of the poorly metabolized SCFA isobutyrate, on hsp25 expression. As shown in Figure 3 , all of the SCFAs tested induced hsp25, but not hsp72 or hsc73. The isobutyrate effect is noteworthy, suggesting that metabolism of SCFA is not essential for induction of hsp25.
We next determined the cell specificity of SCFA induction of hsp25. Murine 3T3 fibroblasts were treated with 5 mmol/L butyrate for 12 hours as a nonepithelial control. As a second intestinal cell line, Caco2-bbe human colonic adenocarcinoma cells were either treated with 5 mmol/L butyrate for 12 hours or heat shocked. As shown in Figure 4 , no induction of hsp25 (or hsp72 or hsc73) occurred in these cells, whereas a pronounced hsp25 and hsp72 response to transient heat stress was readily demonstrated (Figure 4) .
These data indicate differential cell responses to SCFA that may be physiologically relevant because the hsp25 expression in vivo is predominantly seen in surface epithelial cells. Additionally, the response to butyrate is highly selective for hsp25, in contrast to that of the thermal response, suggesting that activation mechanisms other than the classical heat shock factor binding to the cis heat shock-regulatory element may be involved. As discussed later, a number of potential mechanisms could be involved, including alternate mechanisms of transcriptional activation of the hsp25 gene.
Butyrate-Induced Protection of IEC-18 Cells Against Oxidant Monochloramine Injury
To determine if induction of hsp25 conferred protective effects, IEC-18 cells were treated with varying concentrations of butyrate for 12 hours, labeled with 51 Cr, and then injured with the long-lived cell permeant oxidant monochloramine. There was no difference in the 51 Cr labeling of the cells after treatment with different concentrations of butyrate (data not shown). A concentration of 0.6 mmol/L monochloramine was chosen because in previous studies we determined that this concentration provides an intermediate sublethal level of injury. This is an important condition because cellular protection is most readily detected when cells are not irreparably injured. As shown in Figure 5 , butyrate conferred a concentration-dependent protection for the IEC-18 cells.
Because no induction of hsp25 was observed in 3T3 fibroblasts by butyrate, these cells were treated with 5 mmol/L butyrate for 12 hours, and their sensitivity to monochloramine was determined. No protection was conferred on the fibroblasts by butyrate ( Figure 5) . Thus, butyrate's induction of hsp25 appears to be pivotal in the induction of cytoprotection.
Because butyrate may induce the production of proteins other than hsp25, selective inhibition of SCFAinduced hsp25 was performed by creating cells stably transfected with antisense hsp25 cDNA. Additionally, to determine the effects of constitutively expressed hsp25, cells stably transfected with hsp25 cDNA were generated. The hsp25 antisense construct was placed in the expression plasmid pCEP4, which drives the DNA insert using the strong cytomegaloviral promoter. As controls, other cells were stably transfected with the pCEP4 vector only. The sense construct was placed in pCDNA3, which also drives the insert by the cytomegaloviral promoter. After selection with appropriate antibiotics, clones were tested for hsp25 production. The sense transfectants were examined for basal expression of hsp25, and the antisense transfectants were analyzed for basal as well as butyratestimulated levels of hsp25. Two sense clones expressing the greatest amount of hsp25 and 2 antisense clones that had no basal or butyrate-stimulated hsp25 production were selected for further study. As shown in Figure 6 , overexpression of hsp25 confers protection against oxidant injury on the IEC-18 cells.
In contrast, the butyrate protective effect was nearly abolished in antisense-transfected cells (Figure 7) . These results suggest that SCFA-induced increases in hsp25 expression account for most of the protective effects of butyrate against oxidant injury in IECs.
In Vivo Modulation of Colonic Butyrate Modulates hsp25 Production
To determine the effects of dietary fiber on regional hsp25 mucosal expression in the gastrointestinal tract, rats were fed either standard (Std), minimal-fiber (no-cellulose), or high-fiber (6% added pectin) chow for at least 3 days. Intestinal mucosa was then harvested, and protein was analyzed for regional expression of hsp72 and hsc73 by Western blotting. As shown in Figure 8 , the fiber content of ingested chow dramatically affected the expression of colonic ( Figure 8A ) and distal ileal ( Figure  8C ) hsp25 expression. However, no significant changes in hsp72 or hsc73 were observed in any regions, regardless of diet. As shown in Figure 8B , no expression of hsp25 or hsp72 was seen in proximal ileum, whereas hsp25 expression can be readily demonstrated in distal ileum, a not unanticipated finding in light of the known colonization of this region in rodents by bacterial flora.
It appears that SCFAs may be an important physiologic determinant of colonic epithelial hsp25 expression. These results suggest that the region-specific expression of intestinal hsp25 may be directly related to SCFA bioavailability and not to inherent differences among IEC types.
To determine which cells expressed hsp25 under basal conditions and if the pectin diet changed the epithelialspecific pattern of hsp25 expression, immunohistochemistry was performed. Sections of proximal ileum (which expressed very little or no hsp25 expression by immunoblot analyses; Figure 8 ) showed negligible staining ( Figure 9 ).
The cell-specific pattern of hsp25 expression also appeared unchanged by the 6% pectin diet, remaining confined to the colonocytes nearest the colonic lumen, as shown in Figure 9 . Although immunohistochemistry is not quantitative, the staining was more intense in the surface absorptive cells of the colon from rats fed the pectin diet.
Discussion
This study implicates luminal SCFAs as critical physiologic determinants of intestinal epithelial hsp expression, the maintenance of which we believe is important for preserving cell viability and functions (such as barrier integrity and nutrient and electrolyte transport) in relatively hostile environments or against potential pathogenic processes. Preservation of barrier function, for instance, is paramount because systemic passage of bacteria and bacterially derived products can be life threatening. Our studies further show that the region-specific expression of intestinal hsp25 may Immunohistochemical staining for hsp25 in rat colon and proximal ileum. Rats were fed a no-cellulose or 6% pectin diet for 3 days, and sections of the colon were fixed in formalin. Images shown are representative of sections taken from 2 different rats fed each diet. GASTROENTEROLOGY Vol. 121, No. 3 be related to luminal bioavailability of SCFAs, influenced by the presence of enteric flora and dietary carbohydrates. The findings underscore the important symbiotic relationship between mammalian host and enteric bacterial flora, i.e., the latter confer mucosal integrity by supplying SCFAs.
SCFAs are generated by bacterial fermentation of nondigested, nonabsorbed carbohydrates and are the predominant anions in the colonic lumen. 18 Based on our findings, we would predict that the abundance of hsp25 expressed in the intestine would be dependent on luminal bioavailability of SCFAs, rather than a region (colon)-specific response. This conclusion is supported by the consistent observation that hsp25 expression can be found in the distal ileum of normal rats, a region known to harbor enteric bacteria. In contrast, the expression of hsp25 tapers off in more proximal regions of the ileum, where enteric bacteria are far less abundant.
In the present study, we also observed that the "constitutive" expression of hsp25 is predominantly found in the colonic surface epithelium, i.e., in cells closest to the intestinal lumen and regions of greatest exposure to SCFAs. Little if any expression is observed in mesenchymal cells, suggesting a relatively epithelial-specific hsp25 response to SCFAs. The cell-specific nature of the hsp25 response is further illustrated by the finding that SCFAs increase hsp25 in the rat small intestinal IEC-18 as well as the human colonic Caco2-bbe cell lines, but not in the murine fibroblast line 3T3.
The selective induction of hsp25/27 by SCFAs is interesting, contrasting significantly with other known stimuli of the hsp response. Thermal stress, for instance, rapidly induces both hsp25 and hsp72, the 2 major inducible hsps of IECs. 7, 11 Similarly, glutamine induces hsp72 and hsp25 in the IEC-18 cell line and also modulates the induction of hsp25 by heat or heavy metals. 19 In in vivo studies, glutamine enhances the expression of both hsp25 and hsp72 in a tissue-and cell-specific manner. 8 Thus, we believe SCFAs are novel inducers of hsp25 and speculate that there are novel SCFA-responsive regions of the hsp25 gene promoter that are not present in the hsp72 gene promoter.
As we have shown, SCFA-induced expression of hsp25 results in greater cellular resistance to oxidant-induced stress. In fact, both hsp72 and hsp25 have been demonstrated to confer cellular resistance to a variety of forms of stress, including heat, 7, 11, 20 cytokines such as tumor necrosis factor, [21] [22] [23] [24] chemotherapeutic agents, 25, 26 radiation, 27 and oxidants. 3, 7, 28 However, the mechanisms mediating these actions are not well understood. Some studies have suggested that hsp25-mediated cytoprotection involves cytoskeletal stabilization or protection of critical cellular proteins. 3 Furthermore, hsp25 is known to exist in various states of polymerization that are highly dependent on its phosphorylation state. 29 -31 Serine phosphorylation of hsp25, for instance, appears to shift large polymeric complexes to smaller oligomeric states. 32 Although in the smaller oligomeric forms, hsp25 may function as an actin-binding protein in vitro, associating with the barbed ends of filamentous actin 4, 33 and stabilizing the filaments, 33, 34 hsp25 may also exist in multiple populations in the cell. In endothelial cells, approximately one third of the hsp25, mostly phosphorylated, is present in the membrane fraction, possibly serving to stabilize actin stress fibers. 30 How butyrate and other SCFAs induce hsp25 expression is not known. Butyrate is a potent inhibitor of histone deacetylase, causing increases in histone that may alter rates of gene transcription. 35 Butyrate may also affect rates of gene transcription through activation of putative butyrate response elements, 36, 37 which are the poorly defined transcriptional binding domain of approximately 11-13 bases. Butyrate stimulates DNA methylation, thereby affecting the ability of transcription factors to bind to proximal promoter and enhancer elements. Finally, SCFAs, through nonionic diffusion, causes cellular acidification, a process that can potentially activate the tyrosine kinase c-src, as shown in renal epithelial cells. 38 Cellular acidification, a stress condition, can also potentially induce other stress kinases.
In conclusion, butyrate, the product of natural fermentation of carbohydrates by colonic bacteria, induces an important stress protein, hsp25, both in vitro in cultured IECs and in vivo in the colon. The effect provides some extent of cellular protection against oxidant injury. Through the specific intervention of antisense RNA technology, it was demonstrated that much, but not all, of the protection conferred by butyrate was mediated through hsp25 production. However, additional nonhsp25-mediated protection of IECs by SCFAs may be related to their metabolism.
